Polycrystalline GeSn thin films on Si substrates with a Sn composition up to 4.5% have been fabricated and characterized. The crystalline structure, surface morphology, and infrared (IR) absorption coefficient of the annealed GeSn thin films were carefully investigated. It was found that the GeSn thin films with a Sn composition of 4.5% annealed at 450°C possessed a desirable polycrystalline structure according to X-ray diffraction (XRD) analyses and Raman spectroscopy analyses. In addition, the absorption coefficient of the polycrystalline GeSn thin films in the IR region was significantly better than that of the single crystalline bulk Ge.
T he semiconducting, metastable GeSn alloy with a diamond-cubic structure has attracted considerable attention because of its tunable (direct) band gap, which is desirable for group IV-based photonic and infrared optoelectronic systems. 1, 2) However, incorporating Sn into the Ge lattice has been a challenging task owing to the large lattice mismatch (∼14.7%) between the two elements (α-Sn, a 0 = 0.64892 nm; Ge, a 0 = 0.56579 nm) and lower surface free energy of Sn with respect to Ge, leading to the surface segregation of Sn. 3, 4) Moreover, owing to the limited bulk solubility of Sn in Ge, it is very difficult to form metastable GeSn alloys with a high Sn content. Consequently, nonequilibrium growth techniques such as low-temperature molecular beam epitaxy (MBE), chemical vapor deposition (CVD), RF sputtering, and thermal coevaporation of Ge and Sn via physical vapor deposition (PVD) have been used to form single crystalline Ge 1−x Sn x films. [4] [5] [6] [7] However, methods of preparing the single crystalline GeSn films require a careful control of growth conditions to achieve high structural quality. In contrast, polycrystalline GeSn thin films with a high Sn concentration can offer a more economical and practical pathway toward optoelectronic applications with decent material properties.
In this work, we report on the formation of polycrystalline Ge 1−x Sn x films with a Sn concentration of up to 4.5% by thermal evaporation. The uniqueness of our approach is that we first form an amorphous GeSn film by GeSn alloy evaporation and then transform the amorphous GeSn film to a polycrystalline GeSn film by annealing. During the thermal annealing, the amorphous as-deposited GeSn thin film underwent solid-phase crystallization (SPC) and was subsequently transformed into the polycrystalline GeSn thin film. By analyzing the composition, crystalline structure, and optical characteristics of the annealed GeSn thin film, we found that the GeSn thin film annealed at 450°C possessed the highest Sn composition of 4.5% and the most desirable polycrystalline structure since it exhibited the least XRD peak intensities for β-Sn and SnO 2 . In addition, the absorption coefficient of the polycrystalline GeSn thin film at the IR region is significantly improved in comparison with that of the single crystalline Ge. Therefore, our approach enables the fabrication of a GeSn thin film with favorable polycrystalline quality and absorption coefficient, which can be potentially integrated into highperformance infrared optoelectronics.
Si(100) substrates were chemically cleaned with hydrofluoric acid (HF 49%) to acquire a native oxide-free Si surface and immediately loaded into a deposition chamber. No additional surface treatment on Si substrates was performed prior to the deposition. The GeSn layer was deposited from GeSn alloy pallets that contain 10% Sn on a Si substrate at a base pressure of ∼2 × 10 −7 Torr without the need of heating the substrate. Two deposition rates were applied to deposit 250-nm-thick GeSn thin films, namely, 5 nm=s (fast) and 0.5 Å=s (slow). An evaporated amorphous Ge thin film on a Si substrate with the same thickness was also prepared as a reference. After the GeSn deposition, samples were diced into 5 × 5 mm 2 pieces and annealed by rapid thermal annealing (RTA) in nitrogen ambient at various temperatures (from 100 to 600°C at 50°C increments). Because the melting temperature of Sn (230°C) is lower than the crystallization temperature of GeSn, it is worthwhile to investigate the annealing effect on the deposited GeSn thin film. Highresolution X-ray diffraction (HR-XRD; Bruker D8 Discover diffractometer) and Raman spectroscopy were used to characterize the crystalline structure and Sn composition of the thin film. The surface morphologies of the as-deposited and annealed GeSn thin films were examined by atomic force microscopy (AFM; Park Systems). The optical properties of the 250-nm-thick 450°C-annealed GeSn thin film, 600°C-annealed Ge thin film, and bulk Ge, which is a single crystal, were measured using an ellipsometer (J. J. Woollam M-2000 DI) at wavelengths ranging from 300 to 1700 nm.
The crystalline structure of the as-deposited (i.e., prior to the annealing step) GeSn films on Si substrates was analyzed by XRD. As discussed below, our studies found that in order to achieve desirable polycrystalline GeSn films through SPC, the as-deposited GeSn films must have an amorphous structure. To establish the correlation between the deposition rate and the structure of the as-deposited GeSn thin films, GeSn films were deposited using two different deposition rates ("fast" and "slow"), as mentioned above. Figure 1 (a) shows the XRD patterns for the GeSn films deposited with the slow and fast deposition rates, and the reference polycrystalline Ge film annealed at 600°C. There was no visible peak detected from the GeSn thin film deposited at 5 nm=s, indicating that the GeSn thin film deposited at a fast deposition rate was amorphous. This is due to the fact that at a fast deposition rate, clusters of the deposited atoms do not have sufficient time to form crystalline nuclei before they are surrounded by adjacent atoms. 8) In contrast, the slowly deposited GeSn film had a strong (200) β-Sn diffraction peak as well as a weak (111) GeSn peak, suggesting that β-Sn became the dominant crystalline phase during the deposition. This finding indicates that a slow deposition rate provided a sufficient amount of time for phase separation and the formation of the crystalline structure and thus was not the proper deposition condition to form amorphous GeSn films.
We performed energy-dispersive X-ray spectroscopy (EDS) analysis on the GeSn thin films formed by fast and slow deposition rates to study the chemical composition of the deposited films. As shown in Figs. 1(b) and 1(c), the EDS spectra revealed that both types of GeSn thin films showed the Ge peak and the Sn peak. The Si peaks came from the Si substrates. The peak intensity of Ge from the slowly deposited film was lower than that from the rapidly deposited film. On the other hand, the peak intensity of Sn from the slowly deposited film was higher than that from the rapidly deposited film. The strong Sn peak from the slowly deposited film is consistent with the dominant crystalline phase of (200) β-Sn, as shown in Fig. 1(a) .
In order to investigate the crystalline structure changes of the GeSn thin films induced by annealing, the samples were annealed by RTA from 100 to 600°C at 50°C increments in nitrogen ambient for 5 min. Note that such a relatively short annealing time was sufficient to complete the transformation from an amorphous GeSn to a polycrystalline GeSn, owing to its rapid nucleation and growth kinetics. 9 ) Figure 2 (a) shows the XRD patterns of the annealed GeSn thin films. There were no noticeable GeSn peaks for the GeSn films annealed at a temperature of up to the 250°C, indicating that these films retained their amorphous structures. Because a Sn-rich liquid phase exists with a Ge-rich solid phase above 230°C, it allows for the rearrangement of the atoms and thus nucleation leading to the formation of the polycrystalline GeSn structure. Annealing temperatures below 250°C were not sufficient to acquire the Sn-rich liquid phase and thus failed to form crystalline nuclei. GeSn films annealed at 300-400°C show four peaks corresponding to the following four diffraction peaks: (111) GeSn, (200) β-Sn, (220) GeSn, and (311) GeSn.
9)
The strong β-Sn XRD peak implies that Sn segregated from the GeSn became the dominant crystalline phase in the GeSn thin film. The intensities of the (200) and (101) β-Sn peaks decreased significantly as the annealing temperature increased above 400°C. The GeSn films annealed at 450-600°C showed a (200) SnO 2 peak at 38.3°. Considering that the SnO 2 peak appeared at samples annealed at or above 500°C, it is suggested that the segregated Sn on the surface was oxidized during high-temperature annealing. Note that the (200) β-Sn peak disappeared after the sample was annealed at or above 450°C because β-Sn was oxidized and formed SnO 2 , as evidenced by the appearance of the (200) SnO 2 peak. Figure 2(b) shows the zoomed-in XRD patterns on the (111) GeSn peak. The GeSn film annealed at 400°C had a clear (111) GeSn peak at 27.06°, and the peak gradually shifted to a higher diffraction angle as the annealing temperature increased. The (111) GeSn peak position of the sample annealed at 600°C was shifted by 0.18 to 27.24°. This shift suggests that high-temperature annealing induced a tensile strain in the GeSn thin film. Figure 2(c) shows the XRD scan of the GeSn thin film annealed at 450°C and that of the Ge annealed at 600°C. Three diffraction peaks associated with GeSn were detected at 2θ of 27.17, 45.08, and 53.52°corresponding to the (111), (220), and (311) planes, respectively. All of the XRD GeSn peaks were shifted slightly to a lower diffraction angle when compared with the corresponding Ge XRD peaks. The built-in strain values in the GeSn and Ge thin films were extracted according to the thermal expansion coefficients of GeSn (∼8% Sn), Ge, and Si, which are considered linear within our annealing temperature range, namely, ∼9 × 10 −6 , ∼6 × 10
, and ∼3 × 10 −6°C −1 , respectively. 10) Considering the different thermal expansion properties of GeSn, Ge, and Si, approximately 0.3% of the thermally induced tensile strain was expected in the GeSn film on a Si substrate upon cooling from 450°C to room temperature. Such biaxial tensile strain caused the XRD peaks to shift to a higher diffraction angle, as shown in Fig. 2(c) . Although the GeSn film had a larger thermally induced tensile strain, the GeSn XRD peak [(111) GeSn: 27.17°] was detected at slightly lower angles compared with the Ge peaks [(111) Ge: 27.38°]. This implies that the effect of Sn alloying exceeded the thermally induced tensile strain. The Sn concentration in the GeSn thin film can be calculated according to Vegard's law on the basis of the lattice constant of GeSn, which was extracted from the XRD analysis:
Here, a 0 is the lattice constant, x is the Sn concentration, and b is the bowing parameter (b = −0.256 Å). 11, 12) The GeSn thin film annealed at 450°C had a strong (111) GeSn peak at 2θ of 27.17°. The out-of-plane lattice constant of GeSn was calculated to be 5.685 Å, according to Bragg's law. Using the lattice constant of GeSn (i.e., 5.685 Å) in Eq. (1), the Sn concentration was calculated to be 4.5%. Figure 2(d) shows the scanning electron microscopy (SEM) image taken from the surface of the GeSn thin film annealed at 450°C. It was found that the grain size of the GeSn was approximately 100 nm. It is speculated that our polycrystalline GeSn thin film has a higher optical absorption coefficient than a single crystalline GeSn owing to the scattering effect at the grain boundary. 13) On the other hand, the electrical resistivity of the polycrystalline GeSn thin film might be lower than that of the single crystalline GeSn, since grain boundaries generate holes in Ge-based semiconductors.
14)
The strain in the GeSn film annealed at 450°C and its Sn concentration were further studied using Raman spectroscopy. We used a Horiba LabRAM ARAMIS Raman confocal microscope with a 100× objective and a He-Ne (632.8 nm) laser. Figure 3 shows the comparison of the Raman peaks of the GeSn sample annealed at 450°C and the single crystalline (SC) Ge film. The Ge-Ge vibration mode peak of the SC Ge film appeared at 300.1 cm −1 , while the GeSn film annealed at 450°C had its Ge-Ge peak at 295.6 cm −1 . As such, there was a 4.5 cm −1 shift in the Ge-Ge Raman peaks. The Sn concentration in the resulting GeSn film can be extracted from the Raman shift by eliminating the effect of the thermally induced tensile strain. 0.3% of the biaxial tensile strain could cause the Ge-Ge peak to shift approximately 1.2 cm −1 in wavenumber according to the following equation:
where ω 0 is the Ge-Ge peak wavenumber in the case of no strain and ε ∥ is the biaxial strain in Ge. The amount of Ge-Ge peak shift (3.3 cm ) caused by the GeSn alloying was calculated by subtracting the shift (1.2 cm ) caused by the biaxial tensile strain from the total Ge-Ge peak shift (4.5 cm −1 ) observed in the GeSn thin film, and the Sn composition in the GeSn film was calculated to be 4.5%.
16) The Sn concentration calculated from the Raman spectrum agrees well with that calculated from the XRD data (i.e., 4.5%).
The surface morphologies of the as-deposited and annealed GeSn thin films were investigated by AFM. Figure 4 . The root-mean-squared (RMS) surface roughness of the as-deposited GeSn was 0.638 nm, and the RMS surface roughness of the annealed GeSn films increased to 3.735, 8.393, and 13.584 nm upon annealing at 300, 450, and 600°C, respectively. The height variation of the as-deposited sample was around 2 nm across the scanned area, which was less than 1% of the total thickness, while it increased to approximately 12, 30, and 40 nm in the 300-, 450-, and 600-°C-annealed samples due to protruding crystallites.
The optical properties of the 250-nm-thick 450-°C-annealed GeSn thin film, the 600-°C-annealed Ge thin film, and bulk Ge were measured using an ellipsometer. Figure 5 shows the absorption coefficients of the three samples plotted as a function of wavelength. From 600 to 1700 nm, the absorption coefficients of the 450-°C-annealed polycrystalline GeSn thin film and the 600-°C-annealed polycrystalline Ge thin film on a Si substrate were consistently higher than that of the bulk Ge. Furthermore, while the absorption coefficient of the bulk Ge showed an abrupt reduction at a wavelength longer than 1550 nm, the 450-°C-annealed polycrystalline GeSn thin film on a Si substrate maintained a relatively high absorption coefficient (on the order of 10 5 to 10 6 cm −1
) compared with that of the single crystalline GeSn reported in Ref. 7 within the same wavelength range. In addition, the absorption coefficient of the GeSn thin film was higher than that of the Ge thin film formed by SPC. The absorption coefficient (α) of the thin film is related to the "k" value by the equation: α = (4 × π × k)= λ. 17) As investigated by Kasper et al., 17) the k value of the Ge 1−x Sn x film increases as the Sn composition increases. Thus, the difference in the absorption coefficients in the GeSn thin film was clearly due to the Sn-doping effects. Such a high absorption coefficient could be attributed to the narrowed bandgap of the polycrystalline GeSn resulting from the high Sn concentration, as well as the grain boundaries, which produce scattered light that was subsequently reabsorbed by the material. Overall, the polycrystalline GeSn thin film showed 10 times higher absorption coefficient at the wavelength range of 900-1500 nm and 100 times higher at wavelengths of 1550 nm or above, than that of the bulk Ge substrate, which is very promising for IR light detection. Polycrystalline GeSn thin films were prepared by the thermal evaporation of GeSn alloy followed by thermal annealing. The effects of deposition rates and annealing temperature on the structure and morphology of the GeSn films were characterized by XRD, Raman spectroscopy, and AFM. The as-deposited GeSn thin films formed at a high deposition rate were amorphous, which were successfully transformed into a polycrystalline structure during the high-temperature (300 to 600°C) annealing via SPC. The GeSn thin films annealed at 450°C showed the highest Sn composition of 4.5% and good polycrystalline quality as the XRD peak intensities of β-Sn and SnO 2 were very weak. In addition, the absorption coefficient of the GeSn at the IR region was significantly improved in comparison with that of the bulk Ge. The enhanced absorption coefficient of the polycrystalline GeSn film makes it a promising material for highperformance IR optoelectronic applications. 5 . Absorption coefficients of the GeSn thin film annealed at 450°C, Ge thin film annealed at 600°C, and single crystalline bulk Ge substrate at the wavelength ranging from 300 to 1700 nm.
